Ad hoc networks have drawn considerable attentions of researchers for the last few years. Various applications of ad hoc networks have been reported in the literatures including disaster management, battle field, environmental management, healthcare, and smart grid. Ad hoc networks have some limitations namely short operating life, unreliability, scalability, delay, high interference, and scarce resources. In order to overcome these limitations, numerous researches have been carried out. Smart antenna integration is one of them. It has been shown in the literatures that smart antenna can improve network's capacity, increase network lifetime, reduce delay, and improve scalability by directing antenna radiation pattern in a desired direction. But, producing a desired antenna radiation pattern is not a simple task for resource constraint ad hoc networks. A careful selection of beam forming algorithm is required. In this paper we show that smart antenna system, consisting of circular microstrip antennas and arranged in a linear arrangement, is the most suitable choice for ad hoc network. We compare a number of smart antenna algorithms in this paper under different noisy conditions. We show that the Least Square Constant Modulus (LSCM) and Least Constant Modulus (LCM) algorithms outperform other algorithms in terms of directivity and minimized side lobes.
Introduction
and at any time. Hence, there is need for a network that users can connect with on a temporary basis. Ad hoc network is considered a suitable solution for this kind of temporary network. Ad hoc network consists of a number of mobile nodes. It is self-organizing and self-configuring. No network infrastructure is required to set up this type of network. Based on these attractive features many applications of ad hoc network have already been introduced. Some of these applications include crisis management, search and recuse, telemedicine, telegeoprocessing, process control, personal communication, virtual navigation, education, and security [1] .
Ad hoc network has limitations too. It has dynamic topology. Mobile nodes join and leave the network at any time. Hence, route "breakage" is a very frequent phenomenon in ad hoc network. Other limitations include high packet loss, unreliability, high interference and noise, and limited range. Like other wireless systems wireless medium is shared by a group of mobile nodes. Moreover, mobile nodes communicate with each other in a multi-hop fashion. Hence, ad hoc network can support only a limited bandwidth to an individual user. In order to improve bandwidth many researches have been carried out for the last decade. Smart antenna integration is one of them.
Smart antenna enables mobile node to radiate power in a specified direction. It also helps mobile nodes to reduce interference level in a network by steering radiation's nulls toward the sources of interference. Hence, a number of simultaneous transmissions can occur at the same time as shown in Figure 1 . Smart antenna also allows a mobile node to adjust its transmission power to a required minimum level and hence improves the network life-time. There are other advantages of using smart antenna in ad hoc networks. These advantages have been comprehensively studied in the literatures [2] - [12] .
In this paper we investigate effective and efficient smart antenna design strategy for mobile ad hoc networks. We consider two different antenna elements in this investigation namely circular microstrip antenna and rectangular microstrip antenna. We compare the performances of these two antennas in order to select a suitable antenna element for smart antenna design. We also consider three different antenna arrangements namely linear, planar, and circular. In addition, we investigate a number of smart antenna algorithms in order to select an optimum algorithm for mobile ad hoc networks. The rest of the paper is organized as follows. Some related works have been presented in Section 2. A brief introduction to microstrip antenna has been presented in Section 3. The performances of rectangular and circular microstrip antennas have been investigated and compared in the same section. The smart antenna design algorithms for Ad hoc network have been presented in Section 4. This paper has been concluded with Section 5.
Related Works
Numerous research activities have been done so far in order to improve the bandwidth of ad hoc networks. Most of the researches have been investigated based on the assumption that mobile nodes are equipped with omnidirectional antenna. With omnidirectional antenna mobile nodes radiate signal equally in all surrounding area and all mobile nodes within the transmission range receive that signal. Due to the omnidirectional radiation and imposed medium access control (MAC) algorithm the neighboring nodes remain standby during their transmission to avoid packet collision. Hence, network throughput is reduced. In order to increase network throughput smart antenna integration has been suggested for ad hoc network [2] - [11] .
One of the earliest works on smart antenna application in ad hoc network has been presented in [2] . The interaction and integration of critical components of smart antenna have been addressed in this paper. The authors have shown that the performance of an ad hoc network highly depends on the adaptive beam forming algorithm and signal processing algorithm. The authors focused on the antenna pattern, training sequences, direction of arrival algorithm, and the antenna coupling effects.
In [3] the authors suggest smart antenna for wireless ad hoc networks instead of omnidirectional antennas. The authors claim that smart antenna at each mobile node facilitates simultaneous transmission of packets and hence improves the network throughput. The authors show via simulations that it is preferable to use the beamforming technique over the switched beam technique in order to obtain a high throughput.
A novel MAC protocol based on directional antenna has been presented in [4] . By using this protocol, source and destination nodes determine each other's directions. The source node sends data packets in the given direction. Hence, the interference level is reduced and network throughput is improved. The author compared the performances of the network for two cases-using omnidirectional antenna and using directional antenna. The simulation experiments presented in [4] show that the proposed protocol, with 4 directional antennas per node, increases the average throughput of the network by 2 to 3 times.
Directional Virtual Carrier Sensing (DVCS) protocol for mobile ad hoc networks has been presented in [5] . This protocol has been designed based on directional antenna. This protocol uses information on AOA (Angle of Arrival) and antenna gain for the adaptation of antenna pattern. The simulation results show that DVCS protocol can improve the network capacity by a factor of 3 to 4 for a small ad hoc network consisting of 100 nodes compared to omni-directional antenna based ad hoc network of the same size.
In [6] the authors suggest that directional antennas to be used for ad hoc networks instead of omni-directional antenna. They also suggest that existing MAC protocols need to be modified in order to take the advantages of directional antennas. Current MAC protocols, including popularly used IEEE 802.11 standard, have been designed for omnidirectional antenna. The authors have presented a new MAC protocol that is suitable for ad hoc networks based on directional antennas.
A distributed receiver-oriented multiple access (ROMA) channel access scheduling protocol has been presented in [7] . The ROMA protocol uses directional antennas to form multiple directional radiation pattern to ensure several simultaneous communications. The ROMA protocol activates a number of links in a time slot. The results presented in [7] show that a significant improvement on the network throughput can be achieved by using the ROMA protocol.
Capacity of ad hoc networks based on directional antenna has been formulated in [8] . The authors argued that directional antennas can support a number of simultaneous connections. But, there is a limit on such type of concurrent communications because of the mutual interference. Hence, there is a bound on the amount of capacity improvement. The network capacity bound depends on the specific antenna type and higher layer protocols. In [8] the authors calculate interference based capacity bounds for a generic antenna model and a real-world antenna model.
In a similar work [9] the authors have used beamforming antennas to increase the transmission range and also to reduce the interference level in ad hoc networks. The authors have considered a number of enhancements including "aggressive" and "conservative" channel access mechanisms based on beamforming antennas, link power control, and directional neighbor discovery. Two approaches of beam forming algorithms have been used namely steered and switched beams. The results show that beamforming improves network performance by 28% -118% depending upon the node density. The results also show that network delay can also be reduced by a factor of 28 by using appropriate beamforming algorithm.
It is shown in [10] that directional antennas not only increase the network capacity but also increase network life. The authors present an energy-efficient routing and scheduling algorithm in [10] . The algorithm chooses the shortest cost path to save energy. Based on the network topology information each mobile node schedules transmission so that the total time a packet takes to travel is minimized. The proposed scheduling algorithm is distributed and adaptive fashion. The simulation results show that the proposed protocol can save energy by 45% and hence can maximize the network life.
Another energy saving MAC protocol for mobile ad hoc networks, utilizing directional antennas, has been presented in [11] . It is shown that directional antenna can help to achieve higher directivity and hence to achieve higher antenna gain. Thus, mobile node can reduce transmission power to a minimum level and can save energy. The simulation results presented in [11] show that the proposed MAC protocol not only saves energy but also maximizes network throughput.
Most of these above mentioned works focus on the performance improvement of ad hoc network by directional antenna. In this paper a design strategy for smart antenna integration in ad hoc networks has been presented. Microstrip antenna has been used as the antenna element in smart antenna design. In this work two different microstrip antennas have been considered namely rectangular microstrip and circular microstrip. In this investigation the performances of these two types of antennas have been compared. Three different types of antenna array namely linear, planar, and circular have been investigated in this work. It has also been shown that the planar and circular antenna arrays require extensive signal processing and hence they are not suitable for resource constraint ad hoc networks. In this work we also investigate a number of smart antenna algorithms namely Least Mean Square (LMS), Sample Matrix Inversion (SMI), Recursive Least Square (RLS), Constant Modulus (CM), Least Square Constant Modulus (LSCM), Conjugate Gradient Method (CGM), and Spreading Sequence Array Weights (SSAW). Based on this investigation we recommend a suitable algorithm for smart antenna for mobile ad hoc networks. None of the previously mentioned related works have addressed these issues.
Microstrip Antennas
Microstrip antennas have been widely used in wireless communication, mobile radio, spacecraft, missiles, aircraft and satellite since 1970. These wide spread applications of microstrip antennas became possible because of its low cost, small size, and easy installation. The most attractive feature of microstrip antennas is that they can be easily integrated and fabricated onto anelectronic circuit board. Microstrip antenna can be found in different shapes including rectangular, circular, square elliptical, dipole, ring, and triangular. Among these shapes rectangular and circular shapes have become popular in antenna array design.
A rectangular microstrip antenna is shown in Figure 2 . It consists of a very thin metallic strip placed on dielectric substrate. The thickness of the microstrip is usually less than free space wavelength (i.e., λ 0 = c/f) and the substrate thickness varies between 0.003λ 0 and 0.05λ 0 . The rectangular strip is placed on the substrate in a way so that the maximum antenna radiation occurs along the direction that is normal to the microstrip. The length of the microstrip, L varies between 1/3λ 0 to 1/2λ 0 . A number of dielectric substrates, with the dielectric constant, ϵ r from 2.2 to 12, are used in microstrip antenna.
The expression of the fields radiated from rectangular microstrip antenna can be found in [13] . The normalized radiation field for the E-plane (θ = 90˚, 0 ≤ φ ≤ sin 2π
The normalized radiation field for the H-pane ( ) 
where L e = effective length, and k 0 = 2π/λ 0 . The microstrip antenna is feed by a microstrip transmission line as shown in Figure 3 . The input impedance of this transmission line can be varied by adjusting the length of y 0 . In order to plot the field patterns, we use the MATLAB program provided in [13] . The plots for the fields in E-plane and H-plane are shown in Figure 4 . The other design parameters used in producing the field pattern have been listed in Table 1 . A circular microstrip antenna is shown in Figure 5 . The construction of a circular microstrip antenna is similar to that of a rectangular microstrip antenna. Only the shape of the metallic strip is circular rather than rectangular.
The normalized radiation field for a circular microstrip antenna in the E-plane ( ) 90 , 0 90 , and 270 360 The normalized radiation field for the same in the H-pane Bessel function, a e is the effective radius. In order to compare the field patterns for circular microstrip antenna with those of rectangular microstrip antenna we maintain the same metallic surface area. We also maintain the same substrate height. Plots of the E-plane and H-plane field patterns for the circular microstrip antenna of same area are shown in Figure 6 . The other parameters used to produce the field patterns are as follows: effective radius a e = 0.5985 cm, the E-plane HPBW = 92˚ and the H-plane HPBW = 78˚, the directivity is 5.5272, the input resistance at feed point is 228 Ω. The directivity of circular microstrip and rectangular microstrip antennas are illustrated in Figure 7 and Figure 8 . It is shown in Figure 7 that directivity variations for both investigated antennas are not much different when different dielectric materials are used. But, the directivities vary with respect to the height of dielectric material as shown in Figure 8 . This figure depicts that the circular microstrip antennas achieve high directivity compared to its rectangular counterpart. Hence, we consider circular microstrip antenna for the rest of the work presented in this paper.
Optimal Smart Antenna Algorithms
Smart antenna system is composed of a collection of two or more antenna elements called antenna array. These antenna elements work together to establish a unique radiation pattern. A functional block diagram of a smart antenna system is shown in Figure 9 . Adaptive algorithm is the main functional component of a smart antenna system. Smart antenna system can locate and track desired signal called signal of interest (SOI) and also signal of no interest (SNOI) by adjusting the antenna weights. By using adaptive algorithms, the smart antenna system can dynamically adjust radiation of the antenna elements so that the resultant radiation is directed along the SOI and it can suppress the radiation patterns along the direction of SNOIs. In order to track the radiation pattern direction of arrival (DOA) algorithm is used. The DOA algorithm helps the antenna elements to set the desired excitation weights in terms of magnitude and phase so that the radiation can be directed in a desired direction.
In smart antenna system the antenna elements may be arranged in many different ways. Most common arrangements are linear, rectangular, and circular as shown in Figure 10 . [14] . These algorithms widely vary in terms of design complexity and computational efficiency. An investigation of all these algorithms is beyond the scope of The LMS algorithm, proposed in [15] , is a gradient based algorithm. It is assumed in this algorithm that there exists a quadratic performance surface. The performance surface is in the shape of elliptic paraboloid having one minimum. A gradient algorithm has been used to establish the minimum condition. An iterative technique called the method of steepest descent has been used in order to determine the gradient of the cost function. By using the algorithm, the weights of the antenna elements are determined by using LMS method introduced in [16] [17] .
In order to design smart antenna system for ad hoc network using LMS algorithm we use the MATLAB program provided in [14] . Since the mobile nodes in ad hoc networks have limited processing power, we would like to choose a minimum number of antenna elements to achieve a desired radiation pattern. The antenna weights are approximated by
where µ is the step-size, w ∇ is the gradient of the performance surface, and
 is the cost function. Determining the step size is important for this algorithm and it affects the convergence of the LMS algorithm. If the step size is too small, the convergence of the algorithm will be slow and the adaptive array faces problem to determine the angle of signal arrival. If the step size is too large, the LMS algorithm overshoots and it becomes difficult to achieve optimum weights for the antenna array. It has been shown in [15] that the most suitable value of the step size is set by
where λ max is the largest value of the correlation matrix of signal vector. In this work we choose max 2 µ λ = . The Sample Matrix Inversion (SMI) is another popular algorithm. This is an improved version of LMS algorithm. The SMI algorithm has been introduced in order to overcome the limitation of LMS algorithm, which requires many iterations before convergence. On the other hand, the SMI algorithm converges quickly [15] [17] . Hence, it is considered more suitable when the signal characteristics are rapidly changing. This type of rapid signal change is very common in ad hoc network environment. The sample matrix used in this algorithm is a time average estimate of the array correlation matrix using K-time samples and is given by ( ) ( )
The correlation vector r can be estimated by 
Although the SMI algorithm is faster than the LMS algorithm, the computational burden is one of the major drawbacks of the SMI algorithm. In order to overcome this, the Recursive Least Square (RLS) algorithm has been introduced. In RLS algorithm the required correlation matrix and the correlation vectors are calculated recursively. In the LMS algorithm more emphasis is given on the recent data samples and less emphasis is given on the past data samples. In this algorithm the sample matrix is given by ( ) ( ) ( )
The correlation vector r can be estimated by
where α is the weight factor. The advantage of the RLS algorithm over SMI is that it is no longer necessary to invert a large correlation matrix. Moreover, the RLS algorithm converges much more quickly than the LMS algorithm. In many wireless systems the transmitted signal has constant amplitude. This signal is usually affected by multipath propagation that causes signal amplitude to change. Moreover, the constant amplitude property is also affected when the channel is frequency selective. There have been proposals to restore this amplitude variation by using equalization. Some of these equalization algorithms (also called blind equalization) can found [18] . A cost function called dispersion function has been defined in [18] as
where p is the order of the cost function, q is a positive integer, R p is defined as
Assuming p = 1, the antenna weights become
In this work we set p = 1. We assumed there exists one multipath signal in addition to the direct path. The direct path arrives at 0˚ and the interfering signal arrives at −30˚. One of the limitations of CMA algorithm is its slow convergence time. The slow convergence of CMA algorithm limits the applicability of this algorithm in ad hoc network environment. Dynamic topology and hostile channel condition of ad hoc network demand a faster algorithm that converges very quickly. The algorithm proposed in [19] is a faster version of CMA algorithm. This algorithm is called Least Square Constant Modulus (LSCM) algorithm. This algorithm is based on autoregressive estimation based on a least square minimization. In this algorithm the cost function is defined as
where ( ) y k is the array output defined by ( ) ( )
. In this algorithm the initial value of the weights are assumed to be zero and the algorithm iterates through n values until it converges with the array weights. It is discovered that the LSCM algorithm is much faster than simple CMA algorithm and it converges with few iterations.
In order to investigate the performances of the above mentioned smart antenna algorithms namely LMS, SMI, RLS, CMA and LSCMA we design a linear antenna array consisting of 8-elements. The antenna elements are separated by a distance of λ/2. The desired signal is arrived at θ = 0˚ and the interfering signal is arrived at θ = −30˚. We assume the desired signal is purely sinusoidal with period 1 mS. The radiation patterns for these algorithms are illustrated in Figure 11 . The antenna array is operated in a noisy environment. We assume the noise is Gaussian with mean 0 and standard deviation 1. It is depicted in the figure that all the investigated algorithms generate a maximum radiation patter in the desired direction (i.e., θ = 0˚). It is also depicted that all the algorithms generate null at the interfering signal (i.e., θ = −30˚) except CMA algorithm. The CMA algorithm only attenuates the signal, but it fails to nullify the signal. In terms of side lobe amplitude, the LMS and LSCMA algorithm performs better compared to other three algorithms. The RLS algorithm produces maximum side lobe. The side lobes attenuate very quickly except SMI algorithm. The side lobe reduces to 0.1 for the SMI algorithm, but the same increases to 0.4 again. Although the LMS and LSCMA show similar performance in terms of side lobe minimization, the LSCMA should be used in the ad hoc networks because of its rapid convergence property compared to its LMS counterpart.
In order to investigate the performances of investigated algorithms under varying noise condition we conduct the similar experiment as mentioned above. But, we set the noise mean to 2 and standard deviation 1. The generated radiation patterns by the algorithms are shown in Figure 12 . It is depicted in the figure that all smart antenna algorithms except RLS produce maximum radiation along the desired direction (i.e., θ = 0˚). In terms of side lobe attenuation CMA algorithm outperforms other algorithms. The performance of LSCMA is also very much similar to CMA algorithms. But, CMA outperforms LSCMA.
Conclusion
In this paper, smart antenna design strategy for ad hoc networks has been presented. Since mobile nodes in ad hoc network have very limited processing power, smart antenna should be very simple in architecture. Smart antenna also should consist of limited number of antenna elements. In addition, a suitable antenna element will be chosen. In this paper it is shown that circular microstrip antenna is a good candidate for ad hoc network because of its higher directivity compared to its rectangular counterpart. Once the circular microstrip antenna is chosen as an antenna element, we show that linear antenna arrangement is suitable for ad hoc network because of its simplicity in design. It is also important to find a suitable smart antenna algorithm for ad hoc networks. In this paper we investigated five popular smart antenna algorithms. We simulated and compared the performances of these algorithms. The simulation results show that the LSCMA algorithm is the best candidate for ad hoc network under a low noise condition. But, CMA algorithm outperforms LSCMA algorithm under noisier conditions.
